Abstract:
Introduction
Heavy metal pollution has become one of the most serious environmental problems today. Among them, chromium is considered a priority pollutant. Generally, chromium occurs mainly in two different oxidation states namely Cr(III) and Cr(VI), which have contrasting physiological effects. Cr(III) is considered one of the essential elements for living organism, the National Research Council has recommended 50-200 μg per day as the safe and proper quantity of Cr(III) [1] . In contrast, Cr(VI) with a high oxidation potential and relatively small size can easily permeate through biological cell membranes, and is known as a carcinogenic and mutagenic substance for humans [2] .
Unfortunately, due to the extensive use of chromium in industrial processes, such as in the galvanization, steel, leather and paint industries, large quantities of chromium compounds that lead to serious problems are discharged into the environment. On the other hand, chromium can also enter drinking water supply systems from the corrosion inhibitors used in water pipes and containers [3] . Owing to these effects, it is necessary to control the level of chromium in wastewater, natural water and drinking water.
However, the direct determination of the chromium species may not be possible even by methods such as inductively coupled plasma atomic emission spectrometry (ICP-AES) and electrothermal atomic absorption spectrometry (ETAAS) etc. To solve this problem, separation and preconcentration steps are usually required prior to the determination.
In view of the above, several methods including coprecipitation, liquid-liquid extraction, dispersive liquidliquid microextraction, cloud point extraction, and solid phase extraction have been reported for the chromium removal. The present review article deals with these techniques for the removal of chromium from various samples. Each technique has its pros and cons and should be chosen according to the analytical problem.
literature, e.g. flame atomic absorption spectrometry (FAAS), electrothermal atomic absorption spectrometry (ETAAS), inductively coupled plasma optical emission spectrometry (ICP-OES), and inductively coupled plasma mass spectrometry (ICP-MS) etc.
FAAS is the often-used technique for the determination of chromium, and offers desirable characteristics, such as low costs, operational facilities, and high sample throughput. However, this technique suffers some limitations, mainly those related to sensitivity [4, 5] . This limitation can be attributed to the association of two factors: limited sampling efficiency and short residence time of the analytical zone of the flame. Due to these reasons, quantification limits obtained from FAAS are limited to the mg L -1 range [6] . Comparing to FAAS, ETAAS is a good alternative for determining trace amounts of chromium in the point of its good sensitivity [7] . The reasons are related to the remarkably longer residence time in the optical path, as well as its higher sampling efficiency. Despite these advantages, ETAAS is relatively expensive and a period of 2 or 3 min is sometimes necessary for measurements, against only a few seconds for FAAS [6] .
ICP-OES has gained strong recognition in environmental analysis due to the following advantages: simultaneous multi-element analysis capability; large dynamic linear range; low detection limits; and enhancement of productivity, while ICP-MS associates this characteristic with remarkable sensitivity [8, 9] .
In view of the above, there is a critical need for the separation and preconcentration of chromium from matrices prior to the determination, due to its frequent presence at low concentrations in environmental samples and higher matrix interferences.
Preconcentration procedures

Preconcentration by co-precipitation
Coprecipitation is a preconcentration technique based on phase separation. This preconcentration purpose is characterised by the formation of insoluble compounds, and adopted when direct precipitation cannot separate the desired metallic species due to their low concentrations in solution. Analytes can be precipitated in the procedure with the combination of a carrier element and a suitable chelating agent [10] [11] [12] . Coprecipitation procedures including use of organic and inorganic coprecipitants have been developed, and are well documented [13, 14] . The advantages of this technique are its simple, inexpensive to operate, and efficient with high preconcentration factor. Over the past few years, various metal hydroxides, such as indium(III) [15] , ytterbium(III) [16] , thulium [17] , dysprosium [18] , cerium(IV) [19] , and terbium [20] have been used as inorganic co-precipitant for the preconcentration of chromium. There are also some reports about the application of organic coprecipitants for the preconcentration of chromium from aqueous media [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] .
Recently, a new coprecipitation method, which is called carrier element-free coprecipitation (CEFC), has been developed. For example, in Saracoglu's study [24] , the CEFC method used by an organic coprecipitant (CTAB) without any carrier element is applied for preconcentration of Cr(III) from various samples. No carrier element is used in this experiment, thus, avoiding the possibilities of contamination risks from a carrier element. The results obtained reveal that the proposed procedure has good precision and accuracy. Bulut et al. applied the CEFC method for the speciation of chromium. Cr(III) was coprecipitated with isatin derivative 5-chloro-3-[4-(trifluoromethoxy) phenylimino]indolin-2-one (CFMEPI) and thus separated from Cr(VI) [26] . It is a great advantage because there is no contamination and interference risk for analytes from a carrier element. Table 1 lists several methods for the determination of chromium using coprecipitation as the separation and preconcentration technique.
However, an elution or dissolution step is necessarily applied in order to transfer the analyte into solution phase for its measurement, elution step or dissolving the main precipitate may have some drawbacks and risks due to incomplete and/or irreproducible extracting yield causing poor recoveries and precisions, irreproducible blank values from eluents, pollution of laboratory atmosphere and environment especially due to acidic eluents [31] .
3.2.
Liquid-liquid extraction is one of the most extensively studied and widely applied methods in preconcentration and separation procedures for the determination of trace elements due to its simplicity, convenience, wide scope, etc. [32] . This procedure based on the distribution of analyte between two essentially immiscible solvents. The formation of an uncharged chemical species in aqueous phase by either chelation or ion-association is essential for extraction into suitable organic solvent. The distribution ratio of a particular analyte is usually defined as the ratio of its total concentration in organic phase to that in aqueous phase at equilibrium. The proper choice of extractant, pH or acidity of the aqueous phase, immiscible solvent, masking agents, salting out agents, and modifiers are important [33] [34] [35] .
Preconcentration by liquid-liquid extraction
Separation and preconcentration procedures using solvent extraction generally result in a high enrichment factor due to the difference between the volumes of aqueous and organic phases [32] . Analytical procedures for chromium separation and preconcentration by liquid-liquid extraction and determination by atomic spectrometric techniques have been widely applied [36] [37] [38] [39] [40] [41] [42] [43] [44] . Nevertheless, this technique exhibits several shortcomings, such as the emulsion formation, the use of large sample volumes and toxic organic solvents and hence, the generation of large amounts of pollutants makes liquid-liquid extraction expensive, timeconsuming and environmentally unfriendly. Therefore, miniaturization of conventional liquid-liquid extraction is needed.
Preconcentration by dispersive liquidliquid microextraction
Modern trends in analytical chemistry are towards the simplification and miniaturization of sample preparation, as well as the minimization of the used organic solvent. Recently, a new procedure termed as dispersive liquidliquid microextraction (DLLME) has received much attention for sample pretreatment. Simplicity of the operation, rapidity, low sample volume, low cost, and high enrichment factor are the main advantages of this method [45] .
This technique based on the use of an appropriate extractant, i.e., a few microlitres of an organic solvent with high density such as tetrachlorometane, chloroform, carbon disulphide, nitrobenzene, bromobenzene, chlorobenzene or 1,2-dichlorobenzene, and a disperser solvent with high miscibility in both extractant and aqueous phase such as methanol, ethanol, acetonitrile or acetone [46] . Liquid-liquid dispersions play an essential role in separation processes and reaction systems. This is because the large interfacial area due to dispersion facilitates mass transfer and reaction rate [47] . Dispersive liquid-liquid microextraction has been successfully applied to the preconcentration of chromium from various samples [48] [49] [50] [51] [52] [53] [54] .
Preconcentration by cloud point extraction
Separation and preconcentration based on cloud point extraction (CPE) are becoming an important and practical application of surfactants in analytical chemistry. This technique is based on the phase separation, which occurs in aqueous solutions of surfactants [55, 56] . Nonionic surfactants to form micelles and become turbid when heated to a temperature known as the cloud-point temperature (CPT), thus forming a two-phase system. One of them mainly contains the surfactant (surfactantrich phase) and the other only contains a small amount of the surfactant with critical micellar concentration (CMC) [66] . This separation guarantees good preconcentration factors, whereas the metal (usually in a complex form or forming chelates) is concentrated in the surfactant phase [74] . The cloud point procedure offers many advantages when compared to conventional liquid-liquid extraction procedures, such as low costs, small consumption of non-toxic reagents, good sensitivity, etc. Moreover, inexpensive surfactants are generally used in this procedure.
Over the past few years, cloud point extraction has been integrated into the group of separation and preconcentration procedures and widely used to removal of chromium in various samples with complicated matrix. Table 2 shows some recent CPE applications for chromium determination and some analytical characteristics. However, its potential drawbacks are obvious. For example, many nonionic surfactants often have low extraction efficiencies and instability of the thermally labile water-soluble organic and inorganic species. One of the main reasons for these drawbacks is due to the lack of electrostatic interacting sites in the extracting nonionic micelles. Hence, there is a continuous quest to overcome these limitations [75, 76] .
Preconcentration by solid phase extraction
Solid phase extraction (SPE) is now recognized as one of the most widely utilized techniques for the heavy metal treatment. The basic principle of SPE is the transfer of analytes from aqueous phase to the active surface of solid phase [77] . The preconcentration procedures employing solid materials as sorbents offer significant advantages like low cost, availability, easy of operation, and higher sample throughput and preconcentration factors in comparison with other techniques. The sorbents play an important role in SPE process hence the current researches in SPE are mainly focused on the development of new sorbents. Up to now, a variety of sorbents have been reported as materials for the adsorption of chromium such as activated carbon, inorganic materials, nanomaterials, biomaterials, chelating resins, and other organic sorbents.
Activated carbon
Activated carbon is still by far the most important sorbent in current use in the environmental pollution control due to its large surface area, porous structure, high adsorption capacity and high degree of surface reactivity [78, 79] . Activated carbon adsorption seems to be an attractive choice for chromium removal. However, without any surface treatment, activated carbon presents a dissatisfied adsorption capacity for metal ions [80] . Due to this reason, various modifications on activated carbon have been used to increase the adsorption capacity and selectivity [80] [81] [82] [83] [84] [85] [86] 
Inorganic materials
Inorganic materials such as silica gel [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] and metal oxide [98] [99] [100] [101] have recently been used for the preconcentration of chromium, either alone or as their modified forms. For instance, silica gel is used as the most common inorganic solid adsorbent in many application studies. Chemically modified silica gel is one of the most successful adsorbents, because the silica gel supports do not swell or shrink [87] . So far as we know, there are several reports on the use of functionalized silica gel for the preconcentration of chromium [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] . Some inorganic sorbents which are used for the preconcentration of chromium are presented in Table 3 . 
Biomaterials
Biosorption is an emerging and attractive technology which involves the main advantages such as low operating cost, the reusability of biomaterial, improved selectivity for specific metals, short operation time, and no production of secondary compounds which might be toxic [122] . Various biomaterials have been widely used for the biosorption characteristics of chromium [119] [120] [121] [122] [123] . For instance, Uluozlu et al. have investigated the biosorption potential of P. tiliaceae biomass in the removal of Cr(III) from aqueous solution. The monolayer biosorption capacity is found to be 52.1 mg g -1 [122] . In Baytak's work [121] , the potential use of the Penicillium digitatum immobilized on pumice stone for the preconcentration of trace Cr(III) from environmental and food samples is investigated. The reusability of biosorbent is high without any loss in its sorption behavior. High preconcentration factors (50 fold) are also obtained for the analytes.
Biosorbents are characteristic of broad sources, lowcost and rapid adsorption. Unfavorably, researches are still in the theoretic and experimental phase. Moreover, the separation of biosorbents would be difficult after adsorption [124] .
Chelating resins and other organic sorbents
In general, chelating resins are a group of materials having complexing or chelating groups on their surface. The main advantages of this technique are the high selectivity to the targeted metal ion, economical, and environment friendly [125] .
Chelating resins are superior in selectivity to conventional methods due to their triple function of ion exchange, chelate formation, and physical adsorption [130] . Recently, various synthesized chelating resins have been prepared and used for the adsorption of chromium [126] [127] [128] [129] [130] [131] [132] . In Tokalıoglu's work [130] , a new chelating resin, poly N-(4-bromophenyl)-2-methacrylamide-co-2-acrylamido-2-methyl-1-propanesulfonic acid-codivinylbenzene is synthesized. Cr(III) is separated from Cr(VI) and preconcentrated by using a column containing this chelating resin. At the optimum conditions determined experimentally, the preconcentration factor for Cr(III) is found to be 100, and the limit of detection of the method is 1.58 μg L -1 . Sahana et al. [126] have found that pyridine appended L-methionine anchored merrifield resin can be used for selective removal of chromium. The developed method is reproducible, fast, economic, and has very competitive detection limit. This chelating resin has sorption capacity of 2.8 mmol g −1 and 1.3 mmol g −1 for Cr(III) and Cr(VI) at pH 8.0 and 2.0 respectively. Table 5 details chelating sorbents and other organic sorbents that are used for the preconcentration of chromium.
Conclusions
Chromium appears to be one of the major heavy metal pollutants globally in this century. To meet the increased more and more stringent environmental regulations, a wide range of preconcentration technologies such as coprecipitation, liquid-liquid extraction, cloud point extraction, and solid phase extraction have been developed for Chromium removal. Nevertheless, each technique has its pros and cons and should therefore be chosen according to the analytical problem. Most of the proposed methods are established using solid phase extraction. It is evident from the literature survey of 152 articles that solid phase extraction processes have been widely used and is recognized as an effective and economic method for chromium removal.
